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Correspondence: P.M. Cazita, Laboratório de Lípides, FM, USP, Av. Dr. Arnaldo, 455, Sala 3305, 1246-000 São Paulo, SP, Brasil. Fax: +55-11-3061-7263. E-mail: pmcazita@hotmail.com Lipid transfer proteins mediate the exchange and net transfer of cholesteryl ester (CE), triacylglycerol (TG) and phospholipid molecules among plasma lipoproteins. The regulation of CE transfer protein (CETP) and its role in cardiovascular disease have been dealt with previously (1) . The mechanisms of action of CETP are of interest because of its effect on the transfer between lipoproteins of other hydrophobic molecules (such as vitamin E) that harbor potentially anti-atherogenic effects ascribed to their antioxidant activity (2, 3) .
Although considerable in vivo and in vitro information about the regulation of CETP activity by drugs (4) and diet (5-11) has been gathered from studies on humans (12) (13) (14) , animal models (7) (8) (9) (10) 15) and in vitro models (16) (17) (18) (19) (20) (21) (22) (23) (24) , little is known about the influence of dietary modifications on the chemical and physical processes whereby plasma CETP exchanges lipids between lipoproteins. In vitro studies have shown that the activity of CETP is modified by fatty acid species (12, (16) (17) (18) and quantity (19) , the surface concentration of CE (20) and unesterified cholesterol (21) , as well as by the TG content (22) of the acceptor lipoprotein. Other lipoprotein modifications that influence CETP activity include alterations of the CETP sulfhydryl group (23), increased lipoprotein negative charge (24) , glycosylation (25) , and desialylation (26) . However, because TG quantity, chain length (C11-C18) and degree of unsaturation vary, it is not known how fasting condition compared to being well-fed influences the rate of CE transfer between the TG-rich lipoproteins and the high-density lipoproteins (HDL) particles. This knowledge is critical to understand the regulation of the reverse cholesterol transport system whereby cholesterol from tissues is delivery to the liver as CE directly via HDL or indirectly through TG-rich lipoproteins.
Material and Methods

Material
[4-14 C]-cholesteryl oleate ([ 14 C]-CO, specific activity 45-60 mCi/mmol) was purchased from New England Nuclear (USA). The purity of the isotope and lipids was checked by silica gel thin layer chromatography and was shown to be higher than 98%. Cholesterol, cholesteryl oleate, triundecenoin (C11:1), triundecanoin (C11:0), trilaurin (C12:0), tridodecenoin (C12:1), tripalmitin (C16:0), tripalmitolein (C16:1), and triolein (C18:1) were obtained from Nu-Check Prep (USA), and trimyristin (C14:0), trimyristolein (C14:1), trilinolein (C18:2), and trilinolenin (C18:3) were from Sigma (USA). Phosphatidylcholine (egg yolk lecithin) was purchased from Lipid Products (UK). All other chemicals were of analytical grade or equivalent.
Enzyme kits for the determination of TG were purchased from E. Merck (Germany) and kits for the determination of free cholesterol and total cholesterol were from BoehringerMannheim (Germany).
Preparation of triacylglycerol-rich emulsions
Emulsions were prepared with cholesterol (2%), cholesteryl oleate (6%), phosphatidylcholine (23%), and TG (69%) of various fatty acid chain lengths and extents of unsaturation (C11:0, C12:0, C14:0, C16:0, C11:1, C12:1, C14:1, C16:1, C18:1, C18:2, and C18:3) dissolved in chloroform/methanol (2:1). The solvent of the lipid mixture with and without [ 14 C]-CO was evaporated under a nitrogen stream. Using a Branson Cell Disruptor 450 (Branson Sonifier, USA), the lipid mixture was then emulsified in an NaCl solution (d = 1.101 g/mL, pH 7.4) with a 1-cm probe at 70-80 W for 30 min under a nitrogen flow. Ultracentrifugation was used to isolate the triacylglycerol-rich particles after a discontinuous gradient, as previously described (27) .
All emulsions presented nearly identical levels of TG (80%), cholesteryl oleate (4%), unesterified cholesterol (1%), and lecithin (15%). The incorporation of TG into each emulsion was checked by gas-liquid chromatography (CG Analítica, Brazil). We chose an emulsion composition with good physical stability and with the absence of visual evidence of crystallization or phase separation after standing overnight at room temperature; namely, only one phase was observed. Stabilization was achieved with emulsions containing triolein (34.5 mg%) together with another TG (34.5 mg%) belonging to the series C11:0 to C16:0 or C11:1 to C16:1. Emulsions without triolein but containing only one unsaturated TG species (69 mg%) were prepared with C11:1 to C18:1 or C18:2 and C18:3.
Isolation and labeling of lipoproteins
The study was approved by the Ethics Committee of Faculdade de Medicina, Universidade de São Paulo. Blood from 5 normolipidemic healthy male donors (mean age (±SD) 29 ± 8 years), nonsmokers, and taking no medications, was drawn either after fasting (FAST) or 4 h after an ad libitum meal (postprandial period, FED) on EDTA (1 mg/mL) and immediately centrifuged at 1000 g, 4°C for 15 min for plasma separation. HDL (d = 1.063-1.21 g/mL) and lipoprotein-deficient serum (d > 1.21 g/mL) were isolated by preparative sequential ultracentrifugation at 100,000 g, 4°C, in the 50 Ti rotor of an L-8 Beckman ultracentrifuge (Beckman Instruments, USA) (28) and dialyzed at 4°C against phosphate-buffered saline with 0.01% EDTA, pH 7.4. HDL was labeled with [ 14 C]-CO according to Gavish et al. (29) , with slight modifications, using 10 µCi (0.37 Mbq). The labeling efficiency was about 30-35% and more than 95% of the radioactivity was present as [ 14 C]-CO.
Total cholesterol, free cholesterol, and TG were determined enzymatically with commercial kits. Esterified cholesterol was estimated as the difference between the total and free cholesterol values. Phospholipids were determined by Bartlett's method (30) and protein was measured by the method of Lowry et al. (31) using bovine serum albumin (BSA) as the standard.
Assay of CE transfer activity
Lipoprotein transfer assays (32) were carried out in triplicate on samples obtained from each of the 5 donors because the observed interquartile coefficient of variation was below 10%, representing low dispersion. Transfer assays were carried out with FAST or FED HDL [ 14 C]-CO from each donor with autologous FAST or FED total plasma (1 mL) in the presence of 5,5'-dithio-bis-(2)-nitrobenzoic acid (DTNB) at 37°C for 4 h. After incubation, the mixtures were adjusted to d = 1.21 g/mL with saline (1.8 mL of d = 1.33 g/mL) plus saline (0.6 mL of d = 1.21 g/mL) for a final volume of 3.5 mL. Lipoprotein separation was carried out by discontinuous density gradient ultracentrifugation (33) . Radioactivity was measured in aliquots of each lipoprotein isolated, namely, chylomicron (CM), very low-density lipoprotein (VLDL), intermediate-density lipoprotein (IDL), low-density lipoprotein (LDL), and HDL.
Transfer assays of a pool of total HDL to the emulsion or from the emulsion to HDL were carried out using emulsions (500 µg TAG) prepared with fatty acids of variable chain length (C11-C18) and degree of unsaturation in the presence of HDL (120 µg total cholesterol) labeled with www.bjournal.com.br Braz J Med Biol Res 43 (12) 2010 [ 14 C]-CO obtained from a pool of normolipidemic plasma donors together with plasma (d > 1.21 g/mL, 1 mL) as the CETP source in the presence of an inhibitor of the lecithin-cholesterol acyltransferase enzyme (0.5 µg/mL DTNB) at 37°C for 4 h. The same incubation mixture was used as a control reaction at 4°C. After incubation, the mixtures were adjusted to d = 1.21 g/mL. Samples were then immediately transferred to ultracentrifuge tubes, and the volume was completed to 7 mL with NaCl (d = 1.101 g/mL) and overlaid with 4 mL saline, d = 1.006 g/mL. This gradient was ultracentrifuged at 190,000 g in an SW41 Ti rotor at 4°C for 30 min (28) . The top phase (3 mL) containing the emulsion and the infranate HDL fraction (8 mL) was vacuum aspirated and radioactivity was measured. The percentage of radioactivity transferred from HDL to the emulsion or from the emulsion to HDL was calculated as the ratio between radioactivity present in the emulsion fraction and total radioactivity, and was corrected using the control reaction assay. The melting points of the TGs were kindly provided by Professor Donald M. Small (Department of Physiology and Biophysics, Boston University School of Medicine, Boston, MA, USA).
Analysis of emulsion droplet size
Electron microscopy was performed after cryofracture with a small droplet of fresh emulsion (of different composition) frozen by rapid immersion in the liquid phase of nitrogen slush (-210°C). Freeze-fracture was carried out at -100°C at 2 x 10 -6 torr in a Blazers 301 freeze-etch apparatus. The replicas were placed on a gold/iridium disc and examined with a Joel 1010 model transmission electron microscope operating at 80 kV. The images were obtained with 8.1 x 10 cm Kodak negatives from a high-resolution cathode ray tube. The droplet size of each emulsion sample was calculated as the average of three measurements with at least 100 dispersed particles (34) .
Statistical analysis
Data are reported as medians and percentiles 
Results
The percentage of CETP-mediated transfer of [ 14 C]-CO HDL was greater with TG-rich acceptor lipoproteins obtained during the postprandial period (FED) than with those obtained in the fasting period (FAST; Table 1 ). However, when the percent transfer values were related to the plasma TG concentration during both periods, this difference was no longer observed (data not shown). Thus, the rate-limiting step of CE transfer depends on the amount of TG, which is known to increase in VLDL and in CM during the feeding phase (33) . In contrast, the percent transfer from HDL to apoB-containing lipoproteins (CM+VLDL and IDL+LDL) was similar for HDL obtained during the FED and the FAST periods (Table 1) .
We also examined the role of the acceptor lipoprotein TG composition when the fatty acid chain length and degree of unsaturation were modified. For this purpose, artificial emulsions mimicking TG-rich particles were used. These emulsions were prepared with TGs consisting of a series of pure unsaturated fatty acids with variable chain lengths and also a series of variable species of saturated (SAT) fatty acids admixed with one species of monounsaturated (MONO) fatty acid (C18:1). The latter addition was necessary in order to maintain the stability of the emulsion containing SAT fatty acids. In all these experiments, the percent transfer was reported with respect to the mass of the emulsion TG because the molar contents of the TG emulsions used could have influenced the transfer values. Nonetheless, data based on the percent values (not shown) were similar to those when the latter was corrected for the molarity of TG.
We found that the percent transfer of [ 14 C]-CO from HDL to TG-rich emulsions depended to some extent on the chain length of the emulsion TGs. The percent [ 14 C]- Table 1 CO transfer to 11-and 12-carbon chain emulsion TG was lower than the transfer to the C14 and C16 emulsions prepared with 50% SAT fatty acids and also lower than the transfer to the 16 carbon chain of the MONO fatty acid species ( Table 2 ). The data obtained here did not permit a comparison between pairs of SAT x MONO fatty acids because the experiments with this series were not carried out simultaneously. In addition, the [ 14 C]-CO-HDL transfer rate to the emulsion did not correlate with the TG saturated fatty acid chain length ( Figure 1A ), but was positively correlated with the chain length of the 50% MONO emulsions ( Figure 1B) . This was confirmed in experiments that used emulsions consisting of pure MONO fatty acids (Table 3 and Figure 2A ). However, the reverse flow of [ 14 C]-CO from emulsion to HDL was inversely correlated with the length of the MONO fatty acids (Table 3 and Figure 2B ). These results agree with a previous study showing that the transfer rate depended on the esterified cholesterol acyl chain length (35) .
Regarding the degree of unsaturation of the TG-fatty acids, we observed that when the emulsion contained C18:2 the transfer rate of [ 14 C]-CO from HDL to the emulsion was lower and the percent transfer from the emulsion to HDL was higher than with C18:1 or C18:3 (Table 4) .
Because it has been shown that the CE transfer activity is related to LDL particle diameter (9), we investigated whether modifications in the emulsion TG-fatty acid chain length might influence the physical state of the emulsion by examining the particle size and the TG-fatty acid melting point. In the emulsion series consisting of TG with 100% MONO fatty acids, the particle diameter did not alter the CE transfer, and did not correlate with the CE transfer rate from HDL (data not shown). However, there was a positive cor- relation between the particle diameter of the emulsion and the TG-fatty acid melting point (Figures 3 and 4) . Therefore, the fatty acid composition of the emulsion rather than the TG melting point was the rate-limiting step that regulated the transfer rate of CE between HDL and the TG-rich particles mediated by plasma lipid transfer protein.
Discussion
Several factors influence the rate of CE transfer between HDL and TG-rich particles, including the medium fatty acid content (16) (17) (18) 27) , lipoprotein charge (24), dietary fatty acid composition (9) (10) (11) (12) , the lipoprotein CE content (20) , and in vivo lipoprotein chemical modifications (25, 26) . Furthermore, the expression of human CETP in mice increases postprandial plasma TG levels by delaying its clearance (15) . These results imply that the transfer rate is regulated by a combination of the amount of CETP available and the quantity and quality of plasma TG-rich lipoproteins. In this regard, the dependence of HDL-CE transfer on the acceptor MONO TG chain length shown here may represent a mechanism for reducing plasma HDL cholesterol that, to some extent, might counterbalance the dietary MONO fatty acid-elicited rise of plasma HDL cholesterol that occurs when the plasma CETP concentration is reduced (36) . Previous studies had shown that fatty acids influence the CE transfer rate between HDL and the TG-rich lipoproteins (16) (17) (18) 27) . However, in these investigations free fatty acids were added to the in vitro incubations. Nonetheless, because in vivo fatty acids are inherent to the lipoprotein particles as TG moieties, we investigated the effect of the TG-rich particles that varied according to their fatty acid composition.
The data show that the fatty acid composition of the emulsion was the rate-limiting factor regulating the transfer of CE from HDL because the CETP-mediated net transfer of CE from HDL particles correlates positively with the TG-rich particle content as well as with its fatty acid chain length and, to a lesser extent, with the degree of fatty acid unsaturation. Consequently, the net transfer of CE between HDL and TG-rich particles depends on the specific arrangement of the TG acyl chains in the lipoprotein particle core.
